Abstract: Three different kinds of particles of semiconductive polyaniline (PANI), spherical poly(methyl methacrylate) with a PANI shell (PAPMMA), and conductive PANI encapsulated by insulating melamine-formaldehyde resin (MCPA) were synthesized and adopted as a dispersed phase for electrorheological (ER) fluids. ER fluids are suspensions of polarizable particles dispersed in non-conducting liquids. The rheological characteristics of ER fluids rapidly change in the presence of an applied electric field, which can be controlled by both the applied electric field strength and particle concentration with a fast response time on the order of milliseconds. MCPA-based ER fluids show the largest stress enhancement by an applied electric field compared with both PANI-and PAPMMA-based ER fluids, demonstrating that the conductive core with an insulating shell system is a better ER material than homogeneous, semiconductive materials or surface-semiconductive materials with insulating cores.
Introduction
An electrorheological (ER) fluid is commonly a suspension of micron-sized, dispersed particles in a non-conducting liquid, in which the particles have a higher dielectric constant and/or conductivity than that of the suspending fluids. Rheological properties of ER fluids are drastically changed by an applied electric field, since the ER particles are attracted to each other to form fibril structures aligned in the electric field direction [1, 2] . The microstructural transition of the suspension from liquid-like to solid-like is obtained by controlling the imposed electric field strength [3, 4] . This effect is reversible, implying that the fibril structures are not maintained and return to the original state when the electric field is removed. In addition, these structures result in a considerable increase in both the apparent viscosity of the fluid [5] and give the viscoelasticity to the solidified ER fluids.
1
Because of the many desirable characteristics of ER fluids, such as a short response time, low power consumption, smoothness of operation, and simple mechanics, they have been applied in various fields of electromechanical devices, including engine mounts, shock absorbers, clutches, ER valves, robotic arms, as well as other control systems [6, 7] . Despite various R&D efforts, these ER devices are still in the early stages of commercialization due to several unsolved problems, such as colloidal instability, and an insufficient amount of yield stress.
As an anhydrous and intrinsic ER material that does not need any additives for ER performance [8] [9] [10] [11] , PANI and its derivatives have been used by many researchers because they are thermally and environmentally stable. Furthermore, they can be easily obtained by a simple polymerization process, and their electrical properties are controllable by a post-treatment [12] [13] [14] [15] . In fact, to obtain semiconducting PANI for ER materials, the PANI particles must be dedoped by reducing the pH of the aqueous medium. Additional doping and dedoping steps are needed to precisely control the conductivity of the particles [16] . This allows a change in both the dielectric constant and conductivity of particles while keeping all other particle properties the same. On the other hand, PANI particles have irregular and laminated shape in general due to the planar molecular structure of PANI. Because of its geometrical characteristics, it is difficult to make concentrated suspensions of PANI while maintaining flowability. Low suspension viscosity at high concentration of dispersed particles is one of the ideal cases for commercialization to applications with advanced ER performance.
In this study, we modified the PANI particles to overcome these disadvantages for its ER applications and to investigate the effect of composition of particles on ER properties. First, we synthesized spherical PANI particles by adopting PANI onto insulating poly(methyl methacrylate) (PMMA) microsphere surfaces (PAPMMA). The PAPMMA particles need a dedoping process to make semiconductive particles, the same as PANI, and the polarization under an electric field, the main cause of the ER phenomenon, is confined to the surface layer. Second, conductive PANI particles were encapsulated with a melamine-formaldehyde (MF) resin (MCPA), which is the reversed case to PAPMMA. The dedoping process, which takes about 2 days, is not necessary for MCPA particles in ER materials.
Experimental part

Materials
PANI particles were synthesized using the conventional oxidation polymerization of aniline to produce a fine emeraldine hydrochloride form [5] . A solution of aniline monomer in 1 M HCl was chilled, and polymerization was initiated at 0°C by a prechilled solution of ammonium peroxysulfate in 1 M HCl. The reaction was maintained for additional 2 h to complete the reaction to produce the emeraldine hydrochloride form. A portion of the PANI particles was dedoped by reducing the pH of the aqueous medium, which contained the particles, to pH 9.0 using an aqueous NaOH solution, which allowed them to be used as dispersed particles for an ER fluid directly because of their high conductivity (≈ 1 S/cm). The rest of the PANI was capsulated by an insulating MF resin, which will be explained in the following section. The dedoped PANI particles were washed with ethanol to remove the unreacted monomer and oligomer. Products were subsequently dried for 1 day in vacuum.
Synthesized PANI particles were used as the core material for the encapsulation with prepolymeric MF as the shell material [17] . The dried PANI particles were dispersed in an aqueous medium of pH 4 containing citric acid as a proton source. Then, both the melamine prepolymer and formaline were added to the solution by stirring at 40 -45°C. As the temperature rose to approximately 65°C, the MF resins were cured [18, 19] , and microencapsulated polyaniline (MCPA) particles were produced. After completion of the encapsulation reaction, the particles were filtered and washed with distilled water several times to remove the unreacted chemicals. Finally, the products were dried in a vacuum oven [19] . The PANI concentration in MCPA was approx. 10% (w/w) based on the input quantity of these reactants. The MCPA did not require an additional dedoping process for ER applications due to the insulating MF shell.
In the case of core/shell structures of PANI, initially, PMMA microparticles were prepared as core particles via a dispersion polymerization method [20] . The purified methyl methacrylate monomer and a radical initiator (azoisobutyronitrile) were dissolved in methanol containing poly(vinylpyrrolidone) as a stabilizer, and the polymerization was conducted at 55°C for 24 h. The monodisperse particles obtained were washed sufficiently with methanol, and then dispersed in water prior to the PANI polymerization.
Core/shell (PMMA/PANI) particles (PAPMMA) were obtained by following the protocol established by Barthet et al. [21] . The PMMA particles were first dispersed in water containing sodium dodecyl sulfate (SDS) and kept with mild stirring to allow SDS to contact and adsorb onto the PMMA surface. Aniline was then added to this suspension with a desired ratio to the amount of PMMA core, and the system was acidified to pH 0.7 using HCl, followed by the addition of a solution of initiator (ammonium persulfate) in aqueous HCl (pH 0.7). The polymerization was continued for 24 h. The PAPMMA products were washed and their conductivities were controlled within the range of 10 -9 to 10 -10 S/cm by the same above-mentioned procedure. After adjusting the conductivity, the final products were dried in a vacuum oven.
Measuring methods
A Fourier transform infrared spectrometer (FT-IR, Perkin Elmer System 2000, Norwalk, CT) was used to identify the chemical structure of the particles and confirm their chemical reactions. Thermal stability of particles was also examined via a thermogravimetric analyzer (TGA, Polymer Laboratories, PL-TGA, Amherst, MA) at a heating rate of 20°C/min. The shape and the size of the particles were also observed using a scanning electron microscope (SEM, S-4200, Hitachi, Hitachnaka-shi, Japan). Conductivities of PANI, PAPMMA, and MCPA particles were measured from a two-probe method using compressed disks of the prepared samples. The resistance of the pellets was measured by a picoammeter (Keithley model 485, Cleveland, OH) with a conductivity cell [22] . ER fluids were prepared by dispersing the powders in dry silicone oil with 10% (v/v) of solid content. The density and kinematic viscosity of the silicone oil were 0.95 g/cm 3 and 50 cSt, respectively. ER properties were examined via a rotational rheometer (Physica MC 120, Stuttgart, Germany) with a concentric cylinder geometry equipped with a high voltage generator [23] . Various DC electric field strengths were applied to the cylindrical cup, perpendicular to the flow direction. To obtain an equilibrium internal structure of the particles, an electric field was applied to the ER fluids for 3 min before the rheological measurements. All measurements were taken at 25°C unless specified. Fig. 1 shows the FT-IR spectra for particles of PANI, MCPA, and PAPMMA. Note that PANI has peaks at 824, 1144, 1309, and at 1490 and 1586 cm -1 , indicating aromatic C-H, aromatic amine and aromatic C-C stretching vibrations (spectrum (a)), respectively [24] . The peaks of MCPA (spectrum (b)) at 1480, 1550, and 3300, 1363, and 1660 cm -1 indicate -CH 2 -, N-H, C-N, and C=N, respectively, from MF resin in the shell. These also confirm that the MCPA was successfully synthesized using MF resins. Spectrum (c) is obtained from PAPMMA and there is a strong peak at 1740 cm -1 from carbonyl groups in the PMMA core.
Results and discussion
IR and TGA results
TGA diagrams of the PANI, MCPA, and PAPMMA particles are shown in Fig. 2 . The thermogram indicates that the weight loss around 100°C was due to evaporation of water or solvent used for washing, and decomposition of the PANI particles began at approximately 350°C. Weight loss of this sample was approximately 20% at 600°C, showing that the prepared PANI particles have a good thermal stability. Kulkarni et al. [25] investigated the thermal stability of PANI and suggested that the decomposition of the doped PANI could be described as a two-step process. The first step is the loss of the dopant and the second step corresponds to the decomposition of the backbone. As the doping state of the PANI particles increased, their thermal stability decreased. However, weight loss of MCPA above 100°C is due to uncured MF resin, especially oxidation degradation of the melamine rings at 350 -400°C and degradation of the residual fraction at 450°C [17] . PAPMMA has little thermal degradation up to 200°C, and its weight loss increased abruptly from 300 to 400°C, which is due to the degradation of the PMMA core. The secondary plateau observed around 400°C is from the PANI shell that keeps more than 95 % of the initial weight. Fig. 3(a) and (b) show SEM images of both PANI and MCPA particles. The shape of MCPA from the SEM image is grape-like. With respect to shape and size, MCPA was observed to be larger (average diameter of approx. 70 µm) and more spherically symmetric than PANI, which has an average particle diameter of 17.9 µm. MCPA also has a considerably smoother surface relative to PANI, which will be good for lowering the viscosity of the suspension. On the other hand, PMMA core (9 µm) and PAPMMA core/shell particles are spherical and have a narrow particle size distribution ( Fig. 3(c) and (d) ). The shape of PAPMMA particles ( Fig. 3(d) ) is very rough, and the uniformity of particle size was maintained without any aggregates, even after forming a PANI layer on the PMMA core.
SEM images of particles
ER characteristics
The flow curves for three different ER fluids based on PANI, MCPA, and PAPMMA with a particle concentration of 10 vol.-% without an external electric field or under an applied electric field strength of 2 kV/mm are shown in Fig. 4 . All ER fluids showed an increase of shear stress (or shear viscosity) by the electric field, and furthermore, the flow characteristics were largely changed from pseudo-Newtonian to Bingham fluid, which flows under an applied force larger than its yield stress. The change of flow properties is due to the transition of the ER fluid from the liquid-like to the solid-like state under the electric field. The typical trends for ER fluids [26, 27] , a decrease of shear stress (τ) with increasing shear rate ( γ & ) up to a critical shear rate ( crit γ & ), were found only for the PANI-based ER fluid (Fig. 4(a) ). The MCPA-based ER fluid exhibits constant τ in the entire γ & range, while the PAPMMA-based ER fluid exhibits constant shear stress in the shear rate region that is smaller than crit γ & . crit γ & is a transition point of γ & at which the suspension begins to exhibit pseudo-Newtonian behaviour (τ increases with γ & ). Without an external electric field, the suspension shows shear thinning behaviour following a Newtonian plateau (i.e., constant viscosity with γ & ).
Because of topological factors, PANI-based suspensions are two times more viscous than MCPA-or PAPMMA-based suspensions at the same particle concentration of 10% (v/v). The decrease of τ for PANI-based ER fluids is generally observed when the reformed structures with γ & are not as complete as those before applying shear flow [28, 29] . In other words, as γ & increases, the destruction rate of the fibrils by the shear field becomes faster than the reformation rate. It is related to the rate of polarization under the shear by an applied electric field. For the PAPMMA-based ER fluid, this interpretation can be also adopted, so that the rate of polarization is sufficiently fast to reform the particle chains in the ER fluid under the applied electric field. Especially, τ maintains a constant value in the entire γ & range for the MCPA-based ER fluid, so that crit γ & is not found for the MCPA system up to 1000 s -1 . The behaviour of τ as a function of γ & is related to internal particulate structures formed by an applied electric 6 field. The constant τ with increasing shear rate (i.e., shear thinning behaviour) in Fig. 4 means that the internal structures broken by the applied shear deformation are continuously reformed by the external electric field and, therefore, the electrostatic interactions among particles induced by external electric fields are dominant compared to the hydrodynamic interactions induced by the external shear flow field [30, 31] .
(a) Based on the results shown in Fig. 4 , we may consider that the MCPA-based ER fluids exhibit the best ER performance, regardless of the flow behaviour of each ER fluid. The conductivities of particles measured by the 2-probe method using a pressed disk of particles were on the order of 10 -12 , 10 -11 , and 10 -9 S/cm for MCPA, PANI, and PAPMMA, respectively. Considering only the particle conductivity, the PAPMMA-based ER fluid should demonstrate a larger τ under an electric field than the others. However, the insulating PMMA core in PAPMMA interferes with the interfacial polarization of its ER fluid under an external field [32] , so that chain structures in its ER fluid are weaker than others. MCPA, which consists of a conductive core (doped PANI) and an insulating shell (MF resin), is a reversed system compared to PAPMMA particles. The shape of PANI used in MCPA is crude right after polymerization, and its conductivity is known to be approximately 1 S/cm. From the low conductivity of MCPA (10 -12 S/cm), it is also found that the PANI has been encapsulated well by the MF resin. Because the polarization of ER fluids containing intrinsic polarizable particles, such as PANIs, is induced through the movement of electrons under an applied electric field, a conductive PANI should be best for ER materials in the aspect of both rate and strength of polarization. In reality, electron transfers between particles eliminate the polarization state induced within particles once particles contact, so that conductive particle based suspensions cannot make particular chain structures under an applied electric field [33, 34] . However, the insulating MF shell in MCPA prevents these electron transfers and makes the MCPA maintain the polarization state, so that the MCPA-based ER fluid shows fast polarization and robust interaction between particles resulting in the largest ER effect and constant shear stress in the entire shear rate range.
Conclusion
We synthesized PANI and its hybrids as particle materials for ER fluids. The PANI hybrids were prepared by two types of encapsulation methods. The first was that PANI was formed as a shell on monodisperse PMMA particles (PAPMMA) and the second was that PANI particles were encapsulated by MF resin (MCPA). In other words, PAPMMA was composed of an ER active shell and insulating (i.e., ERinactive) core, and MCPA was vice versa. Among these three kinds of ER fluids, the MCPA-based ER fluid showed the best ER performance. Because it has a conductive PANI core with an insulating shell of MF resin, the polarization of particles under an electric field was induced fast and easily without any electrical shortage due to the insulating shell of MF resin. On the other hand, the PAPMMA-based ER fluid showed the worst ER performance, because the insulating PMMA core disturbs the polarization induced on the PANI shell. For ER materials, particles of a conductive core with an insulating shell, therefore, can be considered to be superior to particles of an insulating core with semiconductive shell or wholly semiconductive particles.
